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The invention relates to a magnetic resonance imaging method wherein 
magnetic resonance signals are generated and temporary magnetic gradient fields are used. 

A magnetic resonance imaging method of this kind is known from United 
States patent specification US 5,498,963. 

The known magnetic resonance imaging method takes into account non- 
linearities in the temporary magnetic gradient fields. The cited United States patent 
specification states that non-linearities in the temporary magnetic gradient fields give rise to 
distortions in the magnetic resonance image that is reconstructed from the magnetic 
resonance signals. In order to counteract such distortions, the phases or phase differences of 
the magnetic resonance signals are corrected. Even though the distortions in the magnetic 
resonance image are accurately corrected by means of the known magnetic resonance 
imaging method, it has been found that quantitative information cannot be accurately derived 
from the magnetic resonance signals. 

It^Fai^Sragect of the invention to provide a magnetic resonance imaging 
method which enables accurate extraction of quantitative information from the magnetic 
resonance signals despite non-linearities in the temporary magnetic gradient fields. It is 
notably an object of the invention to provide a magnetic resonance imaging method that 
enables -the execution of accurate diffusion, perfusion and/or flow measurements. 

To this end, in conformity with the magnetic resonance imaging method in 
20 accordance with the invention the signal amplitudes of the magnetic resonance signals or 
quantities calculated from the signal amplitudes are corrected for deviations that are due to 
spatial non-linearities of the temporary magnetic gradient fields. 

The non-linearities of the temporary magnetic gradient fields concern the 
spatial variations of these gradient fields. The term magnetic gradient field as used in the 
25 present context is to be understood to mean a magnetic field that has a spatial gradient in the 
magnetic field strength. The magnetic field strength of such an ideal magnetic gradient field 
is exactly linearly dependent on the position in one or more directions in space. For example, 
spatial encoding of the magnetic resonance signals is applied on the basis of a sequence of 
temporary magnetic gradient fields which are applied by one or more gradient coils. Ideally, 
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in the case of an applied gradient field the magnetic field strength in one or more directions is 
linearly dependent on the spatial position in the relevant direction (directions). Inter alia 
because of limitations of the gradient coils whereby the gradient fields are generated, higher- 
order (for example, square and cubic) spatial dependencies of the magnetic field strength also 
5 arise. In accordance with the invention the signal amplitudes of the magnetic resonance 

signals are corrected instead of correcting exclusively the phases and phase differences of the 
magnetic resonance signals. It is thus achieved that the quantitative information that concerns 
the object to be examined and is contained in the signal amplitudes is accurately corrected in 
respect of disturbances that are due to the non-linearities of the temporary magnetic gradient 

10 fields. In addition to the correction of the signal amplitudes, it is also possible to correct the 
phases and phase differences of the magnetic resonance signals for the non-linearities of the 
temporary magnetic gradient fields. The accurately derived quantitative information in the 

" magnetic resonance signals can thus be reproduced in a magnetic resonance image in which, 

'sin? 

moreover, distortions are avoided to a significant extent. In accordance with the invention it 
ri|5 is also possible to correct quantities, such as flow quantities, diffusion quantities, perfusion 
quantities etc. that are calculated from the magnetic resonance signals, themselves for non- 
linearities in the magnetic gradient fields. The correction of such quantities themselves is 
possible because the dependency of these quantities on the magnetic gradient fields is known. 
For example, the correction can be performed by using the actual local values of the gradient 
m fields, that is, taking into account the non-linearities, for the calculation of the relevant 

3 

^ quantity. 

These and other aspects of the invention will be elaborated on the basis of the 
following embodiments which are defined in the dependent claims. 

The correction for the non-linearities in accordance with the invention is 
25 preferably derived by calculating the instantaneous temporary magnetic fields from data 

relating to the control of the magnetic resonance imaging system. This data concerns notably 
the method of energizing of one or more gradient coils. The gradient coils generate the 
magnetic gradient fields in that an electric current is conducted through the gradient coils. In 
order to apply a temporary gradient field, also referred to as a gradient pulse, a temporary 
30 current pulse is conducted through the gradient coils. The actually produced magnetic 

gradient field, and hence the deviations from the ideal gradient, can be calculated from the 
geometrical shape of the gradient coils and the time profile of the electric current pulse. For 
example, the calculation can be based on Biot-Savart's law or on more complex versions 
thereof. 
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The magnetic resonance imaging method in accordance with the invention is 
particularly suitable for diffusion- weighted magnetic resonance imaging methods. For 
example, a bipolar gradient pair or a pair of gradients that have the same polarity and are 
separated by a refocusing pulse is then used to achieve the desired sensitivity of the magnetic 
5 resonance signals for diffusion in the patient to be examined. The effects involved in 
diffusion are small in comparison with, for example the free decay of nuclear spins or 
magnetic resonance echoes. Moreover, notably diffusion effects are highly dependent on the 
actually prevailing magnetic gradient field. Small deviations of the gradient field relative to 
the assumed exactly linear gradient field already give rise to comparatively large deviations 
1 0 of the value of the diffusion effect that is determined from the magnetic resonance signals. If 

no steps are taken, deviations, notably non-linearities in the temporary magnetic gradient 
C3 fields relative to the assumed gradient field, will give rise to deviations of the measured 

S m diffusion effect. When the signal amplitudes, or the quantities calculated therefrom, that 

%y 

*B relate notably to diffusion, perfusion or flow, are corrected for non-linearities in the gradient 
Ills fields in accordance with the invention, accurate values concerning diffusion in the patient to 
be examined can be derived from the magnetic resonance signals. In the diffusion-weighted 
magnetic resonance imaging method in accordance with the invention the diffusion 
sensitivity parameter, often referred to as the b parameter, is preferably corrected. 
^; The magnetic resonance imaging method in accordance with the invention can 

TS=Si 

00 also be advantageously used for perfusion magnetic resonance imaging methods that are 
r * intended to obtain accurate values concerning perfusion phenomena in the patient to be 

examined. The magnetic resonance imaging method in accordance with the invention can 
also be advantageously used for flow-sensitive magnetic resonance imaging methods. In that 
case preferably the flow sensitivity, often referred to as the Q flow, is corrected in accordance 
25 with the invention. Values concerning the flow of blood and/or other body fluids, such as 
CSF, can thus be accurately derived from the magnetic resonance signals. 

The invention also relates to a computer program. The computer program in 
accordance with the invention comprises instructions for generating magnetic resonance 
signals, for applying temporary magnetic gradient fields and for correcting the signal 
30 amplitudes of the magnetic resonance signals for deviations that are due to spatial non- 
linearities of the temporary magnetic gradient fields. The magnetic resonance imaging system 
includes a computer which is suitable for carrying out the various functions of the magnetic 
resonance imaging system. When such a computer program in accordance with the invention 
is loaded into the computer of the magnetic resonance imaging system, the method in 



u3 

£ 



PHNL000606 



4 13.09.2001 




accordance with the invention can be executed by means of such a magnetic resonance 
imaging system. For example, the computer program can be loaded into the working memory 
of the magnetic resonance imaging system from a carrier, such as a CD-ROM disc, but it is 
also possible to download the computer program in accordance with the invention via a 
network such as the worldwide web. 



These and other aspects of the invention will be described in detail hereinafter, 
by way of example, with reference to the following embodiments and the accompanying 
drawing; therein: 

Fig. 1 shows diagrammatically a magnetic resonance imaging system in which 
the invention is used, 

Fig. 2 illustrates the invention for a diffusion-sensitive magnetic pulse 

sequence. ^ ^ 

Fig. 1 shows diagrammatically a magnetic resonance imaging system in which 
the invention is used. The magnetic resonance imaging system includes a system of main 
coils 10 whereby the steady, uniform magnetic field is generated. The main coils are 
constructed, for example, in such a manner that they enclose a tunnel-shaped examination 
zone. The patient to be examined is introduced into said tunnel-shaped examination zone. 
The magnetic resonance imaging system also includes a number of gradient coils 1 1, 12 
whereby magnetic fields with spatial variations, notably in the form of temporary gradients in 
separate directions, are superposed on the uniform magnetic field. The gradient coils 11,12 
are connected to a variable power supply unit 21 . The gradient coils 11, 12 are energized by 
applying a current thereto by means of the power supply unit 21 . The strength, the direction 
and the duration of the gradients are controlled by control of the power supply unit. The 
magnetic resonance imaging system also includes transmission and receiving coils 13, 15 for 
generating the RF excitation pulses and for collecting the magnetic resonance signals, 
respectively. The RF excitation pulses excite (nuclear) spins in the object to be examined (or 
the patient to be examined) present in the steady magnetic field. Subsequently, relaxation of 
the excited (nuclear) spins occurs with the result that magnetic resonance signals are emitted. 
The magnetic resonance signals may be free induction decay (FID) signals, but it is also 
possible to generate magnetic resonance echoes. It is notably possible to generate spin echo 
signals when use is made of refocusing RF pulses. It is also possible to generate gradient 
echo signals by application of temporary gradient fields. Application of the temporary 
gradient fields provides spatial encoding of the magnetic resonance signals. The transmission 
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coil 13 is preferably constructed as a body coil 13 that can enclose (a part of) the object to be 
examined. The body coil is usually arranged in the magnetic resonance imaging system in 
such a manner that the patient 30 to be examined is situated within the body coil 13 when he 
or she is positioned in the magnetic resonance imaging system. The body coil 13 acts as a 
5 transmission antenna for transmitting the RF excitation pulses and RF refocusing pulses. The 
body coil 13 preferably provides a spatially uniform intensity distribution of the transmitted 
RF pulses. Usually the same coil or antenna is used alternately as a transmission coil and as a 
receiving coil. Furthermore, the transmission and receiving coil is usually configured as a 
coil, but other geometries where the transmission and receiving coil acts as a transmission 
10 and receiving antenna for RF electromagnetic signals are also feasible. The transmission and 
receiving coil 13 is connected to an electronic transceiver circuit 15. 

However, it is to be noted that it is also possible to use separate receiving 
y coils. For example, surface coils can then be used as receiving coils. Such surface coils have 
a high sensitivity in a comparatively small volume. The transmission coils, such as the 



r V5 surface coils, are connected to a demodulator 24 and the magnetic resonance signals (RFS) 
%g received are demodulated by means of the demodulator 24. The demodulated magnetic 
^ resonance signals (DMS) are applied to a reconstruction unit. The receiving coil is connected 
M' to a pre-amplifier 23. The pre-amplifier 23 amplifies the RF resonance signal (RFS) received 
L by the receiving coil and the amplified RF resonance signal is applied to a demodulator 24. 
:|o The demodulator 24 demodulates the amplified RF resonance signal. The demodulated 
r* resonance signal contains the actual information concerning the local spin densities in the 
part of the object to be imaged. Furthermore, the transceiver circuit 15 is connected to a 
modulator 22. The modulator 22 and the transceiver circuit 15 activate the transmission coil 
13 so as to transmit the RF excitation and refocusing pulses. The reconstruction unit derives 
25 one or more image signals from the demodulated magnetic resonance signals (DMS); such 
image signals represent the image information of the imaged part of the object to be 
examined. In practice the reconstruction unit 25 is preferably constructed as a digital image 
processing unit 25 which is programmed to derive from the demodulated magnetic resonance 
signals the image signals that represent the image information of the part of the object that is 
30 to be imaged. The signal at the output of the reconstruction unit is applied to a monitor 26 so 
that the three-dimensional density distribution or the spectroscopic information can be 
displayed on the monitor. It is alternatively possible to store the signal from the 
reconstruction unit in a buffer unit 27 while awaiting further processing. 



PHNL000606 




6 13.09.2001 

i t 

The correction of the magnetic resonance signals, notably the signal 
amplitudes but also the phases and phase differences, for non-linearities of the gradient fields 
is performed by a correction unit 29. An analysis unit 28 calculates the non-linearity 
corrections that are necessary for the correction from the method of activation of the gradient 
coils and the transmission and receiving coils. To this end, the analysis unit 28 is coupled to 
the control unit 20 so as to obtain the necessary data concerning the activation of the various 
coils. The analysis unit 28 and the correction unit 29 and the reconstruction unit are 
preferably implemented as software in a contemporary magnetic resonance imaging system. 

Fig. 2 illustrates the invention for a diffusion-sensitive magnetic pulse 
sequence. Fig. 2 shows a magnetic pulse sequence whereby diffusion-sensitive magnetic 
resonance signals are generated. The pulse sequence includes a preparation section (Pr) that 
provides the diffusion sensitivity, which section is succeeded by an imaging section (Im). 
The imaging section preferably concerns a fast magnetic resonance pulse sequence such as 
EPI or TFE. Methods wherein the k space is sampled radially or along a spiral-shaped 
trajectory can also be advantageously used. The spins in the steady magnetic field are excited 
by means of a 90° RF excitation pulse (RFE). Furthermore, the sequence contains two 
gradient lobes or gradient pulses (GL1 and GL2) wherebetween a 180° refocusing pulse 
(RFP) is applied. A dephasing gradient and a rephasing gradient are also applied. The 
magnetic fields B(z) through, for example such a gradient lobe GL1 deviate from exact 
linearity in dependence on, for example the position on the z axis. The deviation AB of the 
linearly increasing magnetic field strength is shown in the insert in Fig. 2. The magnetic 
resonance signals S produced exhibit a deviation in respect of the signal amplitude AS and a 
phase deviation Acp relative to the signal amplitude and phase in the case of an exactly 
linearly increasing magnetic field strength. For these deviations, notably for the deviation AS, 
the correction unit 29 performs corrections such that correct diffusion values are reproduced 
in the magnetic resonance image. 



